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Outline

Motivations

Existing constraints

APEX test run setup

Test run results

Full run plans
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U(1) extension of the Standard Model

• Common feature of many theories
• “Hidden gauge boson” (“dark photon”,      ) mixes kinetically with photon 

                        hidden sector coupled to SM
• Equivalent to assigning small EM charge

�Y = � cos θW

� = g�/e

� ∼ 10−6 − 10−2

A�

α�/α = �2

mA� ∼ MeV−GeV

Note:

∆L =
�

2
FY,µνF �

µν

A�γ∗

�
A�γ∗

e+

e−

e

Kinetic mixing 
Holdom, Phys.Lett. B166 (1986) 196

• Lagrangian contains a term



James Beacham (NYU) Dark Interactions -- BNL -- 11 June 2014APEX

Center for 
Cosmology 

and 
Particle 
Physics

4

Additional motivations

A sub-GeV mass for the     could 
explain dark matter anomalies...

A�

arXiv:0906.0580

...and the anomalous magnetic 
moment of the muon

http://arxiv.org/abs/arXiv:0906.0580
http://arxiv.org/abs/arXiv:0906.0580
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Existing constraints
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ae 2008
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Existing constraints
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APEX: Dark photon search in fixed target experiment at 
Jefferson Lab

C
ou

pl
in

g 
st

re
ng

th APEX 
proposal

Jefferson Lab, Newport News, VA

Hall A

Bjorken, Essig, Schuster, Toro, 
Wojtsekhowski, et al. proposed 
a fixed target experiment to be 
conducted at Thomas Jefferson 
National Accelerator Facility, 

in Virginia; test run for 
experiment in June/July 2010

• Full run: 
                             = 65 to 525 MeV

• Test run:
                             = 178 to 250 MeV

α�/α � 10−7

mA�

mA�

α�/α � 10−6
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Signal

QED 
backgrounds

?

Looking for a small, narrow bump on top of a smooth histogram of QED processes; excellent mass resolution required

Direct production of      at JLab
• Produced via high energy e- beam incident on fixed high-Z (Ta) target

• Decays to           pair with opening angle  ~ mA�/Ebe+e−

Θ0 ≈ 5◦

Dipole septum magnets allow for 
detection of             produced at 

small angles
e+e−

A�

Experimental signature
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Top view

Jefferson Lab’s Hall A experimental apparatus

J. Huang

APEX test run:
Beam current up to 150µA
Target: Ta foil, 22 mg/cm2

HRS Central momenta: 1.13 GeV
Momentum acc: ± 4.5%
Electron beam energy: 2.26 GeV
Solid angle acceptance:
       Left HRS: 2.8 msr
       Right HRS: 2.9 msr
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Target 
enclosure 
(behind)

Incoming electron beam: 2.26 GeV

Outgoing ele
ctro

n 

(behind)

Outgoing positron

JLab Hall A
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Outgoing ele
ctr

on

Detector hut 
for HRS

Pipe leading to beam dump

JLab Hall A
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Hall A High Resolution Spectrometers (HRSs)

Offline PID

Online PID and 
triggering

Timing (to ID
coincident           pairs)

Tracking

E. Jensen

e+e−
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Two parallel VDCs provide accurate 
reconstruction of full 3D track of 
particle as it enters the HRS

• APEX: Electron singles rate from 0.7 to 
5.8 MHz

• Rates are higher than ever used in Hall A 
-- 5 MHz (75 kHz/wire, 368 wires)

S. Riordan

Determining mass resolution

Optics calibration
• A mapping from measured coord. 

at VDC to 3-momentum at target
• Sieve slit method

Septum
Entrance

Beam

Vertex

e’

Sieve Plate
J. Huang

Test run mass resolution: σ ~ 0.85 - 1.11 MeV
(varies over mass range)

mrad Optics Tracking MS in target

σ(horiz) 0.11 ~0.4 0.37

σ(vert) 0.22 ~1.8 0.37

Mass resolution depends on angular 
and momentum resolution

• HRS momentum resolution 
excellent,         ; negligible

• Angular resolution and multiple 
scattering in target dominate

10−4
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Background rejection and final dataset

Reducible backgrounds
• Electron singles from inelastic or

electron-nucleon scattering
• Pions from virtual photon decays
• Proton singles
• Accidental           coincidences
•           pairs from real photon conversions

e+e−

e+e−

e+/π+

Pion rejection:
• Production ratio in right HRS:              > 1/100
• Online pion rejection: factor of 30
• Offline rejection > 1/100 using both gas Cherenkov and calorimeters

Final event sample trigger:
• Double coincidence gas Cherenkov signal within 12.5 ns window in each arm

Final data sample consisted of 770500 true e+e- coincident events with 
0.9% (7.4%) meson (accidental e+e- coincidence) contamination



James Beacham (NYU) Dark Interactions -- BNL -- 11 June 2014APEX

Center for 
Cosmology 

and 
Particle 
Physics

)2 (MeV/c- e+em
180 190 200 210 220 230 240 250

Ev
en

ts
 / 

(0
.2

)

0

500

1000

1500

2000

2500

3000

3500

4000

APEX Test Run Data, ~770K eventsAPEX Test Run Data, ~770K events

15

Final invariant mass spectrum QED radiative trident / Bethe-Heitler events
• Bump hunt for small, narrow resonance

Bump hunt / resonance search

Rescaled Mass
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TestRunData_6_30_10_27, Wind 30, Cheb O(7), m =224.525, edm=0.000204, CQ=3
A'

TestRunData_6_30_10_27, Wind 30, Cheb O(7), m

Window size = 30.5 MeV
7th order polynomial fit

P (me+e− | mA� , σ, S, B, ai) =
S · N(me+e− | mA� , σ) + B · Polynomial(me+e− , ai)

S + B

λ(S) =
L(S, ˆ̂B, ˆ̂ai)
L(Ŝ, B̂, âi)

Probability model 
and profile 

likelihood ratio
Test mass:
m   = 224.525 MeV

209.525 MeV 240.025 MeV

Test run mass resolution:     ~ 0.85 - 1.11 MeVσ

A�

(0
.0

5)

APEX Test Run Data: Example Window
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Results from scan of test run data: S, P-values

)2 (MeV/cA'm
180 190 200 210 220 230 240 250

S

-1500

-1000

-500

0

500

1000

1500

APEX Test Run Data, Two-Sided Central Limit

Upper Limit
Lower Limit
Exp Limit, Asimov
Exp Limit, Stat.

best fitS

2 = 1 MeV/cm!
90% CL

APEX Test Run Data, Two-Sided Central Limit

)2 (MeV/cA'm
180 190 200 210 220 230 240 250

p-
va

l

-410

-310

-210

-110

1

APEX Test Run Data, Raw Null P-valuesAPEX Test Run Data, Raw Null P-values

For ~1000 pseudoexperiments based on 
the test run data, 40% yielded a p-value 
lower than 0.006

σ1

σ2

σ3
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�
α�

α

�

max

=

�
Smax/mA�

f ·∆B/∆m

�
×

�
2Neffα

3π

�

Upper limit on S        upper limit on coupling

(See APEX proposal)

dσ(A�)
dσ(γ∗)

=
�

3π�2

2Neffα

�
mA�

δm
=

Sδm

Bγ∗

δm

Normalize all backgrounds to      background
• Ratio f of radiative-only cross section to full trident 

cross section determined via Monte Carlo to vary 
linearly from 0.21 to 0.25 across APEX mass range

γ∗
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Test run results and full run status

Test run results in PRL
• prl.aps.org/abstract/PRL/v107/i19/e191804
• arXiv:1108.2750

APEX is approved; JLab currently 
commissioning beam after 
shutdown for upgrade to 12 GeV
• Physics in 2015
• Both APEX and HPS selected 
by JLab PAC 41 for priority 
running (next few years)

• Equipment fully funded

http://prl.aps.org/abstract/PRL/v107/i19/e191804
http://prl.aps.org/abstract/PRL/v107/i19/e191804
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Dataset now public

As of 2 October 2013
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Full run at JLab will take data for ~34 days at several 
energy and spectrometer settings

• Possible modifications to original run plan could take 
advantage of higher beam energies and wider angles 
(with adjustment of septum magnets) to access higher 
mA’ region

Cover a larger mass range using a 
50-cm long multifoil target

Plan for full run
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Work in progress for full run

New septum magnets
• Magnet parts produced
• Contractor currently testing coils
• Sensitivity projections currently 

being updated with new acceptance

New optics method
• Scintillating fiber (SciFi) hodoscope
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Full run statistics of           pairs 
will be ~200x larger than test run, 
allowing sensitivity to
                   1-2 orders of magnitude 
below current limits
α�/α = �2

e+e−

22

APEX Test Run Results

Full Run Projected Sensitivity

?

Plan for full run

JLab commissioning 12 GeV beam now -- physics in 2015
• Hall A schedule still being finalized; APEX ready to run in the first or second year
• New SciFi optics calibration method and septum magnets
• Data acquisition rate improvements (up to 5 kHz)
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Hidden forces in public

Yesterday
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APEX spokespeople
• Rouven Essig (Stony Brook)
• Philip Schuster (Perimeter)
• Natalia Toro (Perimeter)
• Bogdan Wojtsekhowski (Jefferson Lab)

Core test run analysis team
• Sergey Abrahamyan (Jefferson Lab)
• Eric Jensen (William & Mary)
• Jin Huang (MIT)
• Kyle Cranmer, J.B. (NYU)

The Hall A Collaboration

Jefferson Lab staff
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Backups
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Hall A High Resolution Spectrometers (HRSs)


